A nti-tumor necrosis factor-a monoclonal antibodies such as infliximab are effective in inducing and maintaining remission in patients with Crohn's disease (CD) 1, 2 and ulcerative colitis (UC). 3 However, an estimated 40% of patients on infliximab therapy eventually lose response at a rate of 13% per patient-year of treatment. 4 Empiric infliximab dose intensification is often the initial management strategy after loss of response, with secondary switch to another anti-tumor necrosis factor medication, and if these strategies fail, a change in the class of medication or proceeding to surgery. 5 Although loss of response is frequently manifested with a return of clinical symptoms, the reliability of symptoms to predict active disease is not robust. In contrast, the biomarker fecal calprotectin (FCP) has been shown to accurately reflect the presence of intestinal inflammation and thus active IBD. [6] [7] [8] [9] Serum infliximab trough levels (ITLs) have been found to be associated with clinical response, 10 and algorithms using serum ITLs have been shown to be clinically efficacious and cost effective. [11] [12] [13] Nevertheless, a subset of patients demonstrate clinical symptoms while ITLs are therapeutic and require further investigation to assess the presence or absence of active disease. The addition of objective markers of disease activity (such as FCP) to therapeutic drug monitoring, and using this combination during maintenance infliximab therapy, may add to the clinical utility of therapeutic drug monitoring. However, FCP and ITL are not easily available to many clinicians who manage patients with IBD, and it is currently unclear if these measurements would best be used in algorithms or incorporated into clinical assessments and whether they would even impact clinical decision-making.
In this study, we prospectively evaluated how FCP and ITL used in algorithms or used in addition to clinical data could affect clinical decision-making in outpatients with IBD receiving maintenance infliximab therapy. We also assessed the ability of FCP in predicting clinical disease activity or subtherapeutic ITL and of ITL in predicting clinical versus objective disease remission.
METHODS

Study Design and Setting
This study was conducted from the University of Alberta IBD infliximab infusion clinic, Edmonton, Canada, in 2013. This study was designed to include prospective recruitment of patients and collection of samples, as well as retrospective chart review.
Participants
Outpatients with IBD receiving maintenance infliximab therapy were prospectively and randomly invited to participate. Patients provided (1) a morning fecal sample on the day of infliximab infusion for FCP determination and (2) a blood sample drawn immediately before the infliximab infusion for ITL assessment. A chart review determined clinical response to infliximab.
Inclusion criteria included: (1) an endoscopic and/or radiologically confirmed diagnosis of CD or UC, (2) a primary response to the induction regimen of infliximab (5 mg/kg at wk 0, 2, and 6) defined by a decrease in the modified Harvey-Bradshaw Score (mHBI; Harvey-Bradshaw index less abdominal examination) by .3 points 14 or a decrease in the partial Mayo (pMayo; Mayo score less endoscopic subscore) score by .2 points, 15 (3) receiving stable maintenance infliximab infusions, defined as infusions subsequent to the third induction dose or subsequent to the first infusion after any dose or interval change, (4) both a stool sample and an ITL from the same infusion, and (5) complete records on infliximab infusions since initial induction.
Data Sources and Definitions
Baseline Demographics
Demographic data recorded included gender, age, disease type, infusion premedication with methylprednisolone, and use of concomitant medications (azathioprine, 6-mercaptopurine, and methotrexate). Infliximab treatment characteristics included (1) infliximab dose in milligrams per kilograms, and (2) infliximab dosing interval in weeks.
FCP Level
FCP (MRP8/14) was measured by enzyme linked immunosorbent assay using a monoclonal antihuman calprotectincoated plate (Immunodiagnostik, Bensheim, Germany). Stool samples were stored at 2208C before analysis. The thawed stool was mixed and 15 g weighed, diluted with buffer, and analyzed in duplicate. The lower limit of detection of this method is 5 mg/g stool. The manufacturer suggested .250 mg/g as positive test, a cutoff shown to predict endoscopic disease activity. 16 The variability of the assay was 9.5% at 20 mg/g and 7.2% at 100 mg/g.
Infliximab Trough Level
ITLs were determined on serum samples collected within 30 minutes before the infusion. Serum was separated and frozen within 4 hours of collection. An enzyme linked immunosorbent assay method (Immunodiagnostik) was used to quantitate free infliximab. Results are reported down to 0.4 mg/mL with an interassay precision of 8% at 1.8 mg/mL, 9% at 8.6 mg/mL, and 20% at 12.9 mg/mL.
Disease Activity
Clinical remission was defined as a mHBI ,5 for patients with CD or a pMayo ,2 for patients with UC. Clinical disease activity was defined as a mHBI $5 for patients with CD or a pMayo $2 for patients with UC. Objective remission was defined as FCP ,250 mg/g, and objective disease activity was defined as FCP $250 mg/g. 16 
Actual Clinical Decision
Patients were seen at each infliximab infusion by the attending physician (one of several gastroenterologists with at least 1 yr of subspecialty training in IBD) and an actual clinical management decision made. The actual clinical decision was made with the physician blinded to calprotectin and ITLs and was based on clinical symptoms, mHBI or pMayo score, and any available laboratory and imaging investigations up to the time of the infusion visit. Possible decisions included (1) "no action" (i.e., no change in management) or (2) "action"-"investigation (i.e., endoscopy)," "dose escalation," "dose de-escalation," or "switch drugs."
Hypothetical Decisions
FCP algorithmic decision. An FCP ,250 mg/g led to "no action" while an FCP $250 mg/g led to "an action."
ITLs algorithmic decision. ITLs ,3.0 mg/mL led to "dose escalation," ITLs between 3.0 mg/mL and 7.0 mg/mL led to "no action," ITLs .7.0 mg/mL led to "dose de-escalation."
Expert Panel Decisions
Three expert IBD clinicians (R.F., K.K., H.W.) constituted the panel. Expert panel decisions were determined based on the majority decision (i.e., 2 of the 3 clinicians had to agree).
Expert panel decision based on clinical data only. Based only on the available clinical data (disease type and location, mHBI or pMayo score, and any available laboratory and imaging investigations up to the time of the infusion visit). Possible decisions included (1) "no action" or (2) "action"-"investigation (i.e., endoscopy)," "dose escalation," "dose de-escalation."
Expert panel decision based on clinical data plus FCP. The panel was provided with the FCP level for each patient case in addition to the available clinical data. Possible decisions included (1) "no action" or (2) "action"-"investigation (i.e., endoscopy)," "dose escalation." "dose de-escalation."
Expert panel decision based on clinical plus FCP plus ITL. The panel was provided the FCP and the ITL for each patient case in addition to the available clinical data. Possible decisions included (1) "no action" or (2) "action"-"investigation (i.e., endoscopy)," "dose escalation," "dose de-escalation," or "switch drugs."
Study Objectives
The primary objectives of this study were to evaluate how (1) decisions based on FCP and ITL used in algorithms and (2) decisions based on the addition of FCP and ITL to clinical data differ from the actual clinical decision made based on clinical assessment, in outpatients with IBD receiving maintenance infliximab therapy.
The secondary objectives of this study were to (1) assess the relationship between FCP, ITL, and clinical disease activity, (2) determine the ability of FCP to predict clinical disease activity or subtherapeutic ITL, and (3) determine the ability of ITL to predict clinical versus objective remission in outpatients with IBD on stable maintenance infliximab therapy
Bias
This study involved a random cross-sectional sampling of patients with IBD receiving stable maintenance infliximab therapy. A retrospective chart review for patient demographics was conducted subsequent to patient recruitment and therefore minimizes selection bias. The FCP and ITL algorithmic decisions were based purely on the measured FCP and ITL. The expert panel decisions were determined by majority agreement and were independent of the algorithmic decisions.
Statistical Methods
Continuous variables are presented as median (interquartile range [IQR] ) because of the small sample size and nonparametric distributions. Nonparametric Mann-Whitney and Kruskall-Wallis tests were used to determine significant differences between medians. For categorical variables, proportions were calculated and comparison between subgroups was performed using the Fisher's Exact test. A P , 0.05 was considered significant. Each category of decision made was compared with the actual clinical decision made and presented in table format as number of cases (in percentages).
Receiver-operating curves (ROC) were used to assess the discriminate ability of (1) FCP to predict clinical disease activity and subtherapeutic ITL and (2) ITL to predict clinical remission and objective remission. The area under the ROC was calculated with 95% confidence intervals (CI), and the optimum ITL was determined using the Youden's method. patients having an FCP, 250 mg/g. The median ITL was 7.3 (IQR: 3.9-13.1) mg/mL, with 5/36 (14%) having subtherapeutic levels ,3.0 mg/mL with 18/36 (50.0%) having supratherapeutic levels .7.0 mg/mL. Of the 15 patients who had FCP $250 mg/g, 4 (26.7%) had supratherapeutic ITLs .7.0 mg/mL, 7 (46.7%) had therapeutic ITLs in the 3.0 to 7.0 mg/mL range, and 4 (26.7%) had subtherapeutic ITLs ,3.0 mg/mL. Conversely, of the 13 patients who had therapeutic ITLs in the 3.0 to 7.0 mg/mL range, only 6 (46.2%) had FCP ,250 mg/g.
RESULTS
Patient Characteristics
Primary Objective: Comparison of Actual Clinical Decision and Hypothetical Decisions
Actual Clinical Decision Compared with FCP and ITLs Algorithmic Decisions
As shown in Table 2 , the actual clinical decision and the FCP algorithmic decision differed in 17 of 36 (47.2%) cases (bolded text); 13 (36.1%) from "no action" to "action," 3 (8.3%) from "action/investigation" to "no action," and 1 (2.8%) from "dose de-escalation" to "no action," respectively.
As shown in Table 2 , the actual clinical decision and the ITL algorithmic decision differed in 25 of 36 (69.4%) cases (bolded text); 5 (13.9%) from "no action" to "dose escalation," 16 (44.4%) from "no action" to "dose de-escalation," 3 (8.3%) from "investigation" to "no action," and 1 (2.8%) from "dose escalation" to "no action," respectively.
Actual Clinical Decision Compared with Expert Panel Decisions
As shown in Table 3 , the actual clinical decision and the expert panel clinical decision differed in 8 of 36 (22.2%) cases (bolded text); 4 (11.1%) from "no action" to "investigation," 1 (2.8%) from "no action" to "dose escalation," 2 (5.6%) from "investigation" to "no action," and 1 (2.8%) from "dose escalation" to "no action," respectively.
As shown in Table 4 , the actual clinical decision differed from the expert panel clinical plus FCP decision in 16 of 36 (44.4%) cases; 12 (33.3%) from "no action" to "investigation," 1 (2.8%) from "no action" to "dose escalation," 1 (2.8%) from "investigation" to "no action," and 1 (2.8%) from "dose de-escalation" to "no action," respectively.
As shown in Table 4 , the actual clinical decision differed from the expert panel clinical plus FCP plus ITL decision in 21 of 36 (58.3%) cases; 9 (25.0%) from "no action" to "investigation," 3 (8.3%) from "no action" to "dose escalation," 5 (13.9%) from "no action" to "dose de-escalation," 1 (2.8%) from "no action" to "switch drugs," 1 (2.8%) from "investigation" to "no action," 1 (2.8%) from "dose escalation" to "investigation," and 1 (2.8%) from "dose de-escalation" to "switch drugs," respectively. Figures 2A, B . The area under the ROC for ITL to predict clinical remission was 0.498 (95% CI, 0.254-0.742) and to predict objective remission was 0.773 (95% CI, 0.622-0.924). Table 6 presents the sensitivity and specificity of various ITL cutoffs for predicting clinical or objective remission.
DISCUSSION
Infliximab maintenance therapy is often continued indefinitely in patients with IBD when they appear to respond and do not have adverse events. However, when patients have symptoms suggestive of loss of response, their infliximab dose is often empirically escalated. In this study, an analysis of different decisions based on FCP and ITL algorithms or on the addition of FCP and ITL to clinical data, regarding maintenance infliximab therapy was conducted. The addition of FCP and ITLs in all decision scenarios resulted in different decisions in a significant proportion of cases suggesting that these objective markers of disease activity (FCP) and of therapeutic drug level (ITLs) are important in clinical decision-making regarding the management of patients with IBD on infliximab maintenance therapy. The secondary analysis of the study showed that the ability of these objective measurements to predict clinical remission or relapse varied depending on cutoffs used, suggesting that algorithms based on specific cutoffs may not be useful.
In this study, using only the clinical scores, 72.2% of patients with IBD receiving infliximab maintenance therapy were in clinical remission. However, using an FCP cutoff of 250 mg/g, only 58.3% of the patients with IBD had objective remission. Thus, 41.7% of patients actually had objective disease activity and were at risk of disease flares if they remain on their current infliximab maintenance therapy. The similarity in the proportion of cases for which the actual clinical decision differed from the FCP algorithm decision (44.4%) or the expert panel clinical data 
Bolded values represent those in whom the algorithmic decision differed from the actual clinical decision. plus FCP decision (44.4%) suggests that clinicians generally agree on the FCP cutoff of 250 mg/g as an indicator of disease activity or predictor of disease flare and would make decisions to investigate or adjust therapy accordingly.
Previous studies have suggested that therapeutic ITLs range from 3.0 to 7.0 mg/mL and have proposed that therapeutic drug monitoring can be used to manage loss of response in infliximab treated patients with IBD or in optimizing maintenance infliximab therapy. In this study, only 36.1% of the patients with IBD receiving infliximab maintenance therapy had a therapeutic ITL between 3.0 to 7.0 mg/mL. However, only 46.2% of the patients who had therapeutic ITLs were in objective remission (normal FCP ,250 mg/g). The actual clinical decision differed from the ITL algorithm decision (72.2%) in more cases than it differed from the expert panel clinical plus FCP plus ITL decision (58.3%). Although there were 18 cases that had supratherapeutic ITLs and therefore should be de-escalated by the ITL algorithm, the expert panel decided to de-escalate only 5 patients because the other patients had elevated FCP suggesting that clinicians are wary of basing their clinical decisions on therapeutic drug monitoring alone.
FCP was a modest biomarker to predict clinical disease activity (area under the curve [AUC] ¼ 0.417; 95% CI, 0.197-0.641) but was a better biomarker to predict subtherapeutic ITL (AUC ¼ 0.774; 95% CI, 0.536-1.000). ITL was a modest predictor of clinical remission (AUC ¼ 0.498; 95% CI, 0.254-0.742) but had better ability to predict objective remission (AUC ¼ 0.773; 95% CI, 0.622-0.924). The limitation of our secondary analysis was that we used clinical scores to define clinical remission, and FCP was used to define objective remission; we did not have endoscopic evaluation or inflammatory markers, such as C-reactive protein, for all patients. However, this strengthens the translatability of our study findings to clinical practice, as in many centers across the world, patients may not have endoscopic evaluation or C-reactive protein measured routinely with each infliximab infusion.
Another limitation of this study was that it was that the algorithmic decisions were based on an FCP cutoff 250 mg/g and a therapeutic ITL range of 3.0 to 7.0 mg/mL, based on the available current literature. We illustrate with our secondary analysis that the test characteristics for FCP or ITL in predicting clinical or objective disease activity varies with cutoff levels. Therefore, using FCP or ITL in algorithms based on cutoff levels may have limited use in clinical practice. Steenholdt et al 13 demonstrated the clinical utility and cost effectiveness of a test-based algorithm to manage secondary loss of response to infliximab therapy. However, their algorithm was based on first measuring the ITLs and anti-infliximab antibodies and then categorizing patients into 1 of 4 subgroups of loss of response based on these levels. However, an estimated 57% of patients with CD and 33% of patients with UC may have concomitant irritable bowel syndrome-like symptoms. 17 Patients with IBD who have clinical loss of response may actually have symptoms that are not due to active IBD. 18, 19 Initial investigations to confirm active IBD before the measurement of infliximab and anti-infliximab antibodies could be recommended based on clinical suspicion. 19, 20 However, pursuing investigations such as endoscopy or imaging tests on each patient with IBD who has symptoms while on infliximab maintenance therapy may be costly. However, it is currently unclear whether it would be more cost effective to investigate symptoms to confirm active IBD before measuring infliximab and anti-infliximab abs levels or to measure levels first; either strategy would be appropriate. 21 Another limitation of our study is that the hypothetical decisions (algorithmic and expert panel) were based on single FCP and ITLs. Consecutively elevated FCP has been shown to predict relapse in patients with UC, 22 so it may also be a better strategy to measure consecutive FCP as well as ITLs in addition to monitoring clinical symptoms in patients with IBD receiving infliximab maintenance therapy and adjust infliximab therapy to prevent predicted relapse.
CONCLUSIONS
In conclusion, using FCP and ITL in addition to clinical data results in an increased number of decisions to optimize management in outpatients with IBD on stable maintenance infliximab therapy. The costs and benefits of monitoring FCP and ITLs during maintenance infliximab therapy in outpatients with IBD require additional study. 
